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Abstract – We explore broadband and omnidirectional low frequency sound screening based
on locally resonant acoustic metamaterials. We show that the coupling of different resonant
modes supported by Fabry-Perot cavities can efficiently generate asymmetric lineshapes in the
transmission spectrum, leading to a broadband sound opacity. The Fabry-Perot cavities are
space-coiled in order to shift the resonant modes under the diffraction edge, which guaranty the
opacity band for all incident angles. Indeed, the deep subwavelength feature of the cavities leads
to avoid diffraction that have been proved to be the main limitation of omnidirectional capabilities
of locally resonant perforated plates. We experimentally reach an attenuation of few tens of dB
at low frequency, with a metamaterial thickness fifteen times smaller than the wavelength (λ/15).
The proposed design can be considered as a new building block for acoustic metasurfaces having
a high level of manipulation of acoustic waves.
The advent of phononic crystals in the landscape of elas-
tic/acoustic waves has opened up new prospects in under-
standing and controlling wave propagation [1–3]. Indeed,
phononic crystals use fundamental properties of waves,
such as diffusion or Bragg interference phenomena, in or-
der to generate the so-called band gaps, which are basi-
cally frequency bands where there is no wave propagation
[4]. Sound control, in the audible range, is the most evi-
dent application of band gaps. For the human ear, the fre-
quency range under consideration is approximately from
20 Hz to 20 kHz, which corresponds to wavelength up
to several meters in air. Therefore, dealing with a sonic
crystal with a period in this size range would be certainly
cumbersome. The sculpture O´rgano of Eusebio Sempere
is an excellent example of this [5].
Recently, various studies involving resonators have
shown how to overcome these limitations and reach
promising applications [6, 7]. This is the case of the Lo-
cally Resonant Sonic Crystal (LRSC) introduced in 2000
by Liu et al. consisting of metal spheres coated with an
elastic material, and for which a negative dynamic mass
density is generated leading to band gaps at frequencies
lower than that of a classical Bragg-based sonic crystal of
equal dimensions [8]. More recently, a panel version of the
LRSC was proposed in the form of an elastic membrane
fixed by a grid, in the middle of which was attached a small
mass [9]. In this metamaterial, a near-total reflection oc-
curs around the resonance. Besides these, recent studies
have highlighted some properties arising from using space-
coiling in acoustic metamaterials, introduced by Liang and
Li [10]. Among them, the possibility of generating ex-
treme effective parameters, which offer promising applica-
tions such as negative refraction. Therefore, subsequent
studies have brought to light both non-resonant [11–14],
and resonant [15] acoustic metamaterials involving space-
coiling. The latter ones were used to improve sensors ca-
pacities of detection by generating a sound pressure level
gain, even going so far as to achieve the Enhanced Acous-
tic Transmission for wavelength 15 times bigger than the
periodicity [16]. In this sense, space-coiling represents an
interesting alternative for their capacity to target greater
wavelengths. However, the relative bandwidth of this kind
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of attenuation is fairly narrow, as is often the case in res-
onant phenomena. Indeed, for relatively simple systems,
these resonances remain classical, in the sense that they
exhibit symmetric Lorentzian lineshapes [17, 18]. But
since this past century, resonances with asymmetrical line-
shapes have been highlighted: they are referred to as Fano
resonances [35]. In fact, Ugo Fano explained them as orig-
inating from the constructive and destructive interference
of a narrow discrete resonance with a broad spectral line or
continuum [20,21]. Since then, numerous studies have al-
lowed a better understanding of Fano resonances in various
fields of physics such as electromagnetism, plasmonics [22],
and more recently acoustics [23–25], through the acousti-
cal analogue of Electromagnetically Induced Transparency
(EIT) [26]. Recently, the opaque counterpart of Acousti-
cally Induced Transparency (AIT) were also achieved by
using an array of Fabry-Perot (FP) resonators in the ul-
trasonic regime. Such resonators were also coupled to each
others, except that the coupling was carried out laterally
by the fluid-solid interaction [27]. Such a coupling has
proven to be efficient at normal incidence, but more lim-
ited at oblique incidence. Indeed, apertures when forming
a periodic array also act as a diffraction grating [28]. In
this regard, it was shown that the main limitation of an
omnidirectional screening based on such resonators was
directly linked to diffraction [29].
In this paper, we investigate the transmission proper-
ties of an acoustic metamaterial constituted of space-coiled
cavities and operating at low frequency compared to the
thickness. For this, we design and fabricate a structure
made of Fabry-Perot cavities by using a three-dimensional
(3D) printer. An asymmetric Fano lineshape of transmis-
sion can take place when two modes of neighboring cavities
interfere [25]. In the proposed design, this is achieved by
considering Fabry-Perot cavities having different quality
factors and by placing them side by side. We experimen-
tally show that a wide frequency band of sound opacity
can be found through the proposed acoustic metamate-
rial with subwavelength thickness. Additionally, we nu-
merically demonstrate that this low frequency screening
behavior avoids the frequency of diffraction occurrence,
which has been proved to be the main limitation of the
omnidirectional capabilities of locally resonant perforated
plates.
Fabry-Perot resonances are well-known phenomena in
optics, particularly for lasers where the amplification in-
volves light rays confinement in resonant cavities. In what
follows, we first lay the bricks which represent the basic
elements of our acoustic study, by introducing the elemen-
tal structures that we work on, as well as their limitations.
For this, we first consider the case of a plate periodically
constituted of slits, as represented in Figure 1a, and we
begin by considering interferences that can occur when
dealing with such structures.
Indeed, periodic apertures act as diffractive elements,
just as the well-known Young’s slits in optics. Thus, this
structure constituted of slits array and considered as a
Fig. 1: (a) Schematics of the periodically perforated plate, and
zoom of a unit cell constituting the array, and made of two
Fabry-Perot cavities, one of which is space-coiled. The meta-
material thickness and the period are : t = 50 mm, a = 30
mm. The cavities are 7 mm-wide, and the wall thickness is 2
mm. The metamaterial is excited with a sound wave traveling
in the y-direction (from bottom to top). (b) Photograph of the
acoustic metamaterial fabricated by 3D printing. The sample
is constituted by an array of 3 cells, where each unit cell is
made of two Fabry-Perot cavities, one of which is space-coiled.
The metamaterial thickness is equal to t = 50 mm, the system
period a = 30 mm, and the aperture width is d = 7 mm.
diffraction grating that obeys the following law [30]:
a · (sin(θm)− sin(θi)) = m · λ/n
Where i stands for incidence, a is the slit array period,
m is the order of diffraction, λ is the wavelength, and n
the refractive index. Thus, for an incidence angle of 0◦,
15◦, 45◦, and 85◦, and by considering only the m = −1
and m = 0 orders of diffraction, we obtain analytically the
curves of Figure 2, which provides the frequency localiza-
tion of these orders of diffraction. It is possible to predict
the frequency where diffraction occurs for such a structure
only based on its geometrical features. Thus, for a period
of a = 129 mm, the frequency marking the limit is ap-
proximately 1320 Hz, from which m = −1 order of diffrac-
tion occurs. It has been proved in the case of ultrasonic
waves [29], that diffraction may prevent the generation of
acoustic reflection based on resonances. Hence, in order
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to generate a resonant reflection mechanism, it might be
appropriate to consider the low frequency regime, and so
to remain well below the identified frequency of diffraction
occurrence.
Fig. 2: Frequency localization θm of the first orders of diffrac-
tion m = −1 and 0 in the case of different incident angles
θi = 0
◦, θi = 15◦, θi = 45◦, and θi = 85◦. The frequency of
diffraction occurrence is obtained analytically from the grat-
ing law θm = arcsin(
mλ
a
+ sinθi), as function of the angles of
incidence.
For this, we perform a numerical study using the fi-
nite element method with COMSOL Multiphysics [31],
and take advantage of the periodicity by applying periodic
conditions. We study the propagation of acoustic waves in
air and consider rigid conditions at the interface between
the solid and the fluid. We are specifically interested in
obtaining the acoustic transmission properties at normal
incidence, in the first instance. In the fluid, sound waves
are governed by the following equation for the differential
pressure p
∇ · (ρ−1∇p) + ω2
ρc2
p = 0 , (1)
where ρ is the mass density of the fluid, c is the sound
speed in air, and ω is the angular frequency of the acoustic
pressure wave. An acoustic source is positioned upstream
of the structure and we calculate the pressure field down-
stream to it, which permits us to ultimately obtain the
transmission spectrum for yhe frequencies of interest.
We first consider the case of a plate periodically consti-
tuted of straight slits, wherein each of the slits plays the
role of a Fabry-Perot resonant cavity. At the resonance fre-
quency of this straight cavity, it is possible to observe the
effect of enhanced acoustic transmission when an acoustic
wave impinges such a plate at normal incidence. Figure 3
represents the transmission spectrum of such a plate hav-
ing a thickness t = 50 mm, constituted of 7 mm-wide slits
arranged with a period of a = 129 mm. As can be clearly
seen in Figure 3, a resonance appears at the frequency of
fA = 2390 Hz, as a matter of fact, f = c/2t, which cor-
responds to a wavelength λ twice bigger than the plate
thickness. In Figure 3, this transmission profile is marked
by letter A, and the pressure field, in and around the cav-
ity, is represented at this resonance frequency in Figure 4.
As mentioned previously, and due to the resonant charac-
ter of the cavity, the acoustic energy confinement can be
clearly observed through the large variation of the acoustic
pressure in the slit.
Fig. 3: The green and the blue lines represent the amplitude
transmission spectra, obtained by finite element method, re-
lated to a plate perforated with periodically distributed Fabry-
Perot cavities. The green line corresponds to the acoustic re-
sponse of a slits array, and the blue line to an array of space-
coiled cavities, having a period of a = 129 mm. The aperture
width is d = 7 mm. The transmission curves are marked by
letters A, B, and C, at the resonance frequencies fA = 2390
Hz, fB = 345 Hz, and fC = 1380 Hz.
As said before, we want to remain well below the iden-
tified frequency of diffraction occurrence in order to gen-
erate a resonance-based reflection mechanism. We there-
fore consider the case of Fabry-Perot cavities having the
particularity to be space-coiled. Such cavities permit the
generation of resonances for wavelength much larger than
what the plate thickness leads us to believe. Figure 3 rep-
resents the transmission spectrum for the case of a plate
having a thickness of t = 50 mm, but constituted of 7
mm-wide space-coiled cavities, and arranged with a pe-
riod of a = 129 mm, as represented in Figure 4. We
can clearly observe the occurrence of a series of Fabry-
Perot resonances from a frequency as low as fB = 345 Hz.
At this frequency, the wavelength λ equals 1 m, which
is almost 20 times larger than the plate thickness. The
equivalent straight Fabry-Perot cavity should be long of
l = c/2f = 500 mm. The transmission profile is marked
by letters B and C in Figure 3, at the frequencies fB = 345
Hz and fC = 1380 Hz. For the corresponding frequencies,
we also represented the pressure fields in Figure 4. We
can particularly observe the acoustic pressure variations
in the cavity, which correspond to a half-wavelength for
the fundamental frequency marked by letter B, and which
correspond to 4 half-wavelength for the fourth harmonic
marked by letter C.
In order to gain a better understanding of the physi-
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Fig. 4: Pressure fields, in and around the cavity, at the reso-
nance frequencies fA = 2390 Hz, fB = 345 Hz, and fC = 1380
Hz, marked by the corresponding letters A, B, and C. The color
scales have been normalized with normalization constants 10,
13.2, and 16.1, respectively.
cal mechanisms occurring in space-coiled cavities, we also
study the propagation of acoustic waves in the direction of
the periodicity. For this, we first calculate the band struc-
ture for a system consisting of Fabry-Perot-like cavities,
taking the shape of straight slits and space-coiled ones,
embedded in a rigid matrix. In order to achieve this, we
calculate the dispersion curves by using a finite element
method. The grating, assumed as an infinite system, is
modeled as a unit cell for which Bloch-Floquet conditions
are implemented via periodic boundary conditions in the
x direction. This comes down to apply a phase relation on
the lateral sides of the mesh, defining boundary conditions
between adjacent cells. This phase relation is related to
the Bloch wavenumber of the modes of the periodic struc-
ture. We vary the wave vector in the first Brillouin zone
and solve an eigenvalue problem, which permits us to ob-
tain the eigenfrequencies [32]. In addition, we calculate
the transmission spectra for the cases of acoustic waves
impinging the grating at different incidence angles varying
from 0 to 90 degrees. This permits us to complete our dis-
persion curves in the radiative zone of the band structure,
by representing the transmission obtained as function of
the In-Plane Wavevector kx = k0sin(θi).
Figure 5 shows the dispersion, for the unit cells shown
in Figure 4. The dispersion is calculated up to the fre-
quency of 800 Hz for both configurations. In the first
configuration corresponding to simple slit arrays (see Fig-
ure 5a), we simply observe the presence of solutions in the
Fig. 5: Amplitude transmission spectra function of the In-
Plane Wavevector kx = k0sin(θi), and dispersion obtained nu-
merically by finite element method. The acoustic metamaterial
constituted by an array of resonators, where each unit cell is
made of two Fabry-Perot cavities, one of which is space-coiled.
The metamaterial thickness is equal to t = 50 mm, the system
period a = 129 mm, and the aperture width is d = 7 mm.
limit of the sound cone, that marks the boundary of the
radiative zone. By contrast, the grating made of space-
coiled cavities exhibits two modes (see Figure 5b), which
are materialized by two acoustic flat bands. Such modes
are therefore strongly localized in the slit cavity with FP-
like fields, where the cavity’s length and width are the
dominant variables in determining the resonance position.
In the radiative zone, we also observe resonant modes
for the grating made of space-coiled cavities, in contrary
to straight slit grating, in the [0-800] Hz frequency range.
These resonant modes can be excited using an acoustic
source positioned in the far field. They are characterized
by flat bands of near-total transmission that do not depend
on the In-Plane Wavevector kx, except near the sound line
where we can observe slight deviations. Such deviations
can be linked to the hybridization with surface acoustic
waves. Such an hybridization is clearly observable in the
non-radiative zone near the sound line.
We now numerically study the coupling effect between
the resonant cavities previously introduced, through finite
elements calculation. This permits us to obtain the pres-
sure field in the light of transmission spectra obtained in
p-4
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response of an acoustic wave impinging our metamaterial.
We therefore consider the case of a plate having a thick-
ness of t = 50 mm, and constituted of apertures arranged
in a 1D array. Each period, a = 129 mm-wide, is consti-
tuted of two resonant cavities. While the first cavity is
a straight aperture, the second is a space-coiled one, as
represented in Figure 1a and b. Thus, both are Fabry-
Perot cavities having different resonance frequencies and
quality factors. Besides, the cavities inputs and outputs
are placed side by side in order to foster the interaction
between them, specifically through near-field coupling, as
will be shown below.
Fig. 6: Amplitude transmission spectra of the acoustic meta-
material, obtained numerically by finite element method, with-
out (grey curve) and with losses (black curve) taken into ac-
count. (red curve) Amplitude transmission spectrum of the
acoustic metamaterial obtained experimentally using a Kundt’s
tube.
The transmission spectrum at normal incidence is rep-
resented in Figure 6. We clearly observe the occurrence
of a series of resonances and antiresonances leading to an
attenuation band centered at 500 Hz, with a transmis-
sion reaching 35 dB of attenuation over a relative band
of 30%. The Fabry-Perot resonances with a symmetric
profile, namely with Lorentzian profile in their classical
expression, have been replaced by asymmetrical resonance
profiles, which relates to the idea of a Fano-like interaction.
Indeed, one of the main features of Fano resonances are
their asymmetric line profiles where constructive interfer-
ence corresponds to resonant enhancement and destructive
interference to resonant suppression of the transmission.
This is the case of the resonance marked by letter A in
Figure 3, which has given rise, after coupling, to a reso-
nance (marked by letter D) followed by an antiresonance
(marked by letter E), as represented in Figure 6.
To better understand this interaction, we represent in
Figure 7 the pressure fields at the first resonance and anti-
resonance frequencies. As mentioned previously, we ob-
serve the confinement of acoustic energy in both cavities.
Indeed, the pressure level significantly increases at reso-
nances. Here one can see as well that the pressure field
in the transmission domain is almost zero at the anti-
resonances (E), which confirms the near-total reflection of
the acoustic waves. Moreover, it is interesting to visualize
how the coupling of neighbor Fabry-Perot cavities gener-
ates such an interaction. This can bee seen in Figure 7
where we can particularly observe the acoustic velocity
vector fields at the frequencies of resonances and antireso-
nances marked by D and E. One may note that, for D, the
vectors at the cavities inputs are in phase with the incident
wave, and contribute together to near-total transmission
(same as G). Near-total reflection is observer at E (same
as F) when they are out of phase with the incident wave.
Fig. 7: Pressure and acoustic velocity vector fields, in and
around the cavity, at the resonance frequency fD = 345 Hz,
and the anti-resonance frequency fE = 470 Hz.
Figure 8 shows the dispersion calculated up to the fre-
quency of 800 Hz, for the unit cell shown in Figure 1a.
The grating made of coupled cavities exhibits two modes,
which are also materialized by two acoustic flat bands.
Similarly to the case of a non-coupled space-coiled cavity
grating, these modes appear to be spacially confined in the
slit cavities. In the radiative zone, the coupling leads to
p-5
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Fig. 8: Amplitude transmission spectra function of the In-
Plane Wavevector kx = k0sin(θi), and dispersion obtained nu-
merically by finite element method. The acoustic metamaterial
constituted by an array of resonators, where each unit cell is
made of two Fabry-Perot cavities, one of which is space-coiled.
The metamaterial thickness is equal to t = 50 mm, the system
period a = 129 mm, and the aperture width is d = 7 mm.
a broad opacity frequency band which is nearly indepen-
dent from the In-Plane Wavevector kx, and consequently
also insensitive to oblique incidence. Indeed, the interac-
tion hereby presented is based on a sub-wavelength mode
of structuring that works at a low frequency regime, well
below the frequency of diffraction occurrence.
In what follows, we experimentally study the acoustic
response of the previously presented metamaterial, using
a four-microphone standing wave tube, more commonly
referred to as a Kundt’s tube. The sample is sandwiched
between two parts of the tube, as shown in Fig. 9. For
this purpose, the metamaterial was made of wood, as can
be seen in Figure 1b, having the external dimensions of
the square section Kundt’s tube. The inner dimension of
the tube square section is 140 mm, which limits the mea-
surement to 900 Hz. A loudspeaker, at one end of the
tube, is used for generating a broadband random signal
over the frequency range 50 : 900 Hz. Acoustic pressure
measurements are carried out for two different tube termi-
nation conditions, open and approximately anechoic. For
each termination condition, complex pressure and velocity
fields are estimated at each side of the sample material.
These values are then used to calculate a two-by-two trans-
fer matrix that characterizes the transmission through the
sample [36].
The acoustic metamaterial unit cell consists of a combi-
nation of two Fabry-Perot cavities placed side by side, as
discussed above. The dimensions of the unit cell are the
same as those used for simulation: t = 50 mm, a = 129
mm, d = 7 mm, and thickness of wall 4 mm. Figure 6
represents the transmission spectrum of the sample under
consideration. It clearly reveals an attenuation frequency
band standing between two transmission peaks at 352 Hz
and beyond 744 Hz. The attenuation band centered on
500 Hz, and an attenuation of 28 dB with a relative band-
width of 33.3%. The maximum of attenuation reached is
37.5 dB at the frequency of 434 Hz. At this frequency, the
antiresonance of the first mode, previously marked by let-
ter E in Figure 6, is well established, as well as the second
anti-resonance that occurs at 560 Hz reaching 30 dB of at-
tenuation. It is noteworthy that the wavelength is nearly
15 times larger than the thickness structure, at the central
frequency of 500 Hz. The wavelength λ is also nearly 5
times larger than the array periodicity.
When dealing with such subwavelength structures, it
was notably showed that dissipation due to boundary layer
effects cannot be neglected [37]. In our numerical calcula-
tion of transmission spectrum, represented in Figure 6, we
have included thermoacoustic equations in order to take
into account dissipations. We barely attain −3 dB and
−4 dB at the resonance frequencies, whereas numerical
calculations without losses forecast a near-total transmis-
sion at the resonance. But more significantly, compared
to experimental results, the attenuation band perfectly
match, despite some fluctuations that can be seen at the
second mode around 650 Hz. Some discrepancies however
exist between experiment and simulation. But some ele-
ments may help to explain these differences. Firstly, due
to means of measurement, we fabricated a sample that
fits with the waveguide shape. In doing so, the sample
is therefore constituted of 1 unit, considering the period
a = 129 mm previously mentioned. Moreover, some mi-
nor fabrication errors can also be mentioned. Such ele-
ments can affect the resonance frequencies of the cavities,
as well as their quality factor, which can slightly disturb
the coupling between the resonators. Nevertheless, the ef-
fect of low frequency sound screening is achieved, based on
a phenomenon of Fano interaction realized with a cavity
structure with a thickness that does not exceed λ/15 = 50
mm.
In conclusion, we have proposed an acoustic metamate-
rial based on coupled resonant cavities demonstrating low
frequency sound screening. The unit cell consists of two
Fabry-Perot cavities, with an acoustic response that can
be easily tailored through geometrical parameters. We
experimentally obtained the acoustic transmission prop-
erties of this metamaterial, by using a Kundt’s tube. As
a result, the coupling between detuned resonators hav-
ing different quality factors leads to asymmetric shape
of peaks in the transmission spectra. Such asymmetric
shapes of resonances and antiresonances, that are close
together, permit to create an area of huge acoustic block-
ing effect. We reach an attenuation of few tens of dB
at low frequency, with a metamaterial thickness which is
fifteen times smaller than the wavelength. In doing so,
we avoid one of the main limitations of omnidirectional
capabilities involving locally resonant perforated plates,
which is namely diffraction. This has potential for many
applications, particularly in sound insulation. More than
p-6
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that, the free choice and combination of the elementary
bricks constituting the acoustic metamaterials represents
a real opportunity to develop acoustic metasurfaces. Such
devices, having the ability to bend a beam trajectory or
even cloak objects [38], would certainly increase our con-
trol over the propagation of waves.
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